ABSTRACT
INTRODUCTION
Drosophila circadian behavioral rhythms are regulated by the interaction of two proteins PERIOD (PER) and TIMELESS (TIM) (1) (2) (3) (4) (5) . The proteins promote molecular cycles of per and tim transcription. Behavioral and molecular oscillations require the activities of both proteins, which are believed to function in transcriptional control upon translocation to the nucleus (6) (7) . Heterodimerization of the proteins regulates timing of nuclear localization of PER and TIM and involves suppression of protein domains (CLDs) that confer cytoplasmic localization of monomeric forms of PER and TIM (4) . Drosophila circadian rhythms are entrained to environmental cycles through a pathway mediated by TIM, which is degraded when flies are exposed to daylight (5) (6) (7) (8) (9) . PER is related to a family of proteins that possess a protein interaction motif termed PAS. This domain functions in homotypic and heterotypic protein associations (reviewed in 6-7). PAS has been identified in proteins regulating circadian rhythmicity in Drosophila, Neurospora and the mouse (10) (11) (12) and some PAS family proteins are essential for blue light phototransduction in Neurospora, algae and certain bacteria (reviewed in 13). These observations suggest a common evolutionary origin for a group of proteins underlying photoreception and circadian regulation.
The PAS domain of PER contains binding sites that direct association with TIM (1, 4) . PAS is also closely associated with sequences forming the PER CLD (4). However, sequences composing the TIM binding site for PER are unrelated to PAS and there is no sequence similarity revealed by comparing the PER and TIM CLDs (14) . Since no functional properties for TIM could be inferred from the remaining sequence, we sought to isolate the tim homolog from another fly species, Drosophila virilis. A prior comparison of vPER and mPER revealed high conservation of PAS and CLD, but poor conservation of much of the remaining sequence (15) . Thus analysis of a tim homolog might similarly reveal sequence elements critical for TIM function and assist future attempts to isolate tim-related genes from other organisms.
We report here the cloning and genomic DNA sequence of D.virilis tim (vtim), as well as the genomic DNA sequence of D.melanogaster tim (mtim). We find that, in contrast to PER, TIM is highly conserved in these two fly species. The strong homology includes regions of TIM required for nuclear localization and heterodimerization with PER. In contrast, the region of vTIM composing the mTIM CLD shows greater divergence and may identify a subset of sequences that promotes cytoplasmic localization of monomeric TIM proteins. Our analysis of the vtim sequence also indicates an alternative structure for the mtim transcription unit (14) . First, an additional exon for mtim (and vtim) has been identified, coding for 32 amino acids. 
RESULTS AND DISCUSSION
We used low stringency hybridization to clone vtim from a bacteriophage λ library containing D.virilis genomic DNA (see the legend to Fig. 1 for probe and hybridization conditions) . The insert (∼15 kb) was subcloned from the λ isolate as four separate SalI fragments. Two of the larger SalI fragments were further subcloned to accelerate the pace of sequencing. The intron/exon junctions for vtim were deduced by comparison with the mtim cDNA and genomic (gDNA) sequences. The assignments were assisted by computer generated alignments (BestFit program of the Wisconsin Package, Genetics Computer Group Inc., Madison, WI) between translated vtim gDNA and the mTIM protein sequence. With the possible exception of an intron in the mtim 5′-untranslated region (UTR) (no splicing sites were found in the predicted 5′-UTR of vtim), the architecture of the two genes is nearly identical (see discussion below and We noted that an apparent intron for the mtim locus (this segment was spliced out of the mtim cDNA previously sequenced by Myers et al.; 14) was highly conserved in the vtim sequence. When present, the 96 bp segment preserves the existing reading frame and codes for an additional 32 amino acids that differ at only one position between the two species. Moreover, DNA sequencing has revealed that a mutation in D.melanogaster tim which affects period length maps to this possible coding segment (A.Rothenfluh, unpublished data).
Since this sequence is flanked by canonical splicing signals and might be subject to regulated splicing, we used RNase protection analysis to determine the relative abundance of the spliced and unspliced forms in D.melanogaster. For the purposes of this discussion we refer to transcripts containing the added coding sequence as the 'long' form and those without it as the 'short' form. RNA was purified from heads of D.melanogaster that were entrained to a cycle of 12 h light/12 h dark. Drosophila heads were harvested at 4 h intervals. The probe was designed to permit detection of the two transcript forms, the spliced (short) form yielding a shorter fragment after cleavage of the probe by RNase (Fig. 2, legend) . Surprisingly, we found that only the long transcript was detected in fly head RNA ( Fig. 2A) . There was no significant expression of the shorter (spliced) form at any time in the clock cycle. We conclude that the short form originally isolated from the cDNA library represents either a rare splice product or contamination of the head cDNA library by another tissue which expresses the short isoform. A schematic map depicting the predominant exon/intron structure of the D.melanogaster and D.virilis genomic loci is shown in Figure 2B .
In vitro heterodimerization studies have demonstrated that both long and short versions of the mTIM protein will physically associate with PER (4; L.Saez and M.Young, unpublished observation) and that all sites promoting PER-TIM interaction are contained in the short form of TIM (L.Saez and M.Young, 
Assignment of the initiation codons
A previously sequenced mtim cDNA (14) contained four spaced AUGs within a 107 bp segment of the predicted mRNA 5′-leader. These potential translation start sites are depicted in Figure 3 and two, AUG-1 and AUG-2, would terminate after translation of only 12 and 9 residues respectively. The initiation codon for mtim was initially presumed to be the 5′-most AUG within the 1389 amino acid reading frame of the cDNA (AUG-3, Fig. 3 ). However, comparison of the mtim and vtim sequences suggest that a downstream (and in-frame) AUG is the more likely translation start site for mtim (AUG-4, Fig. 3 ). Although this would give a slightly shorter mTIM protein, identical N-terminal sequences (MDWLLATPQLL…; see Figs 1 and 3) would then be predicted for both mTIM and vTIM. A longer vTIM protein is not possible in this reading frame due to an ochre codon 15 nt upstream of the predicted translation start site in vtim gDNA. The strong homology of the predicted vTIM sequence to mTIM and the absence of any splicing signals that would fuse the lone vtim AUG to an upstream exon suggested that initiation at the sequence corresponding to mtim AUG-4 produces the true N-terminus for both mTIM and vTIM.
Other evidence for this new AUG assignment comes from our discovery of nucleotide polymorphisms in the 5′-leader region of tim in different D.melanogaster fly stocks. We discovered that tim gDNA derived from two second chromosomes (cn bw and Cy Roi), when compared with the sequence of our mtim cDNA, carried a single nucleotide deletion between AUG-3 and AUG-4 that places AUG-3 out of register with the tim open reading frame (ORF) (Fig. 3 , the G marked with a vertical arrow). cn bw and Cy Roi/Df(2)tim 02 flies (the latter carry tim only on the Cy Roi chromosome) both produce wild-type rhythms (A.RothenfluhHilfiker, unpublished observation). Thus translation initiated at mtim AUG-4 is not only sufficient to generate functional TIM protein, but in some strains appears to be the only form of the protein that can be produced. Similar results were recently reported following an independent sequence analysis of the D.melanogaster sibling species D.simulans and D.yakuba and certain unrelated D.melanogaster stocks (17) .
Although a vtim cDNA sequence is not available, AUG codons are found upstream of the predicted site of translation initiation in vtim gDNA, with spacing comparable with that seen for AUG-2 and AUG-3 of the mtim mRNA leader. AUG-1, -2 and -3 were also fully conserved in the predicted 5′-UTR of cn bw and Cy Roi tim mRNAs (Fig. 3, legend) . The occurrence of such upstream AUGs is uncommon. A recent survey of vertebrate mRNAs suggested that <10% have an AUG codon within their untranslated leaders (18) . For several mRNAs ORFs within the untranslated leader have been shown to suppress translation from the downstream reading frame and it has been suggested that such upstream AUG codons may provide a cis-regulatory function (reviewed in 18, 19) . It may also be significant that upstream AUG codons have been recognized for frq, a Neurospora clock gene that is subject to translational regulation (20) (21) . tim RNA accumulates several hours in advance of TIM protein (5, (8) (9) . Possibly alternative sites for initiation of translation within the mtim leader contribute to delays in TIM accumulation.
Amino acid sequence comparisons
An alignment of the deduced amino acid sequences for mtim and vtim using BestFit shows that the TIM protein is highly conserved between D.melanogaster and D.virilis; the overall identity is 77% without accounting for gaps (Fig. 1) . If gaps are ignored, extensive portions of the sequences are nearly 100% identical. The overall level of conservation is significantly higher for TIM than for PER in these comparisons of the D.melanogaster and D.virilis coding sequences. The basis for these differences lies in the poor conservation of large tracts of sequence in PER, particularly sequences composing the C-terminal half of the protein (15; Fig. 4 ). TIM and PER regions of high conservation include the TIM-interacting region of PER (PAS and CLD, amino acids 233-512 of mPER) and the TIM PER binding regions (amino acids 514-587 and 724-923 of mTIM) ( Fig. 4; 4) . A functional nuclear localization sequence has been mapped near the N-terminus of mPER (amino acids 66-80) and between amino acids 550 and 562 in mTIM ( Fig. 4; 4,22-23 ). Both nuclear localization sequences are well conserved in D.virilis (Figs 1 and  4; 15) . It was surprising to see overall differences in sequence divergence rates for TIM and PER, as the two proteins function together as partners in a heterodimeric complex. PER has also been found to physically associate with other D.melanogaster proteins in yeast (1), so differences in patterns of sequence divergence for PER and TIM might reflect protein activities in addition to those previously linked to the PER-TIM complex.
The similarity plot (Fig. 4) shows that the C-terminus of TIM, which includes sequences composing the TIM CLD, is not as well conserved; the strong similarity tapers off after residue 1219 of mTIM. The presence of several small gaps and non-conservative substitutions throughout the region suggests that the active CLD may be located within conserved regions spanning TIM amino acids 1283-1300 or amino acids 1345-1388 (Figs 1 and 4 ). These sequence comparisons should help to specify the TIM CLD.
The region in vTIM corresponding to amino acids 323-397 of mTIM (74 residues) has been replaced by an unrelated sequence of only 19 residues in vTIM. It was previously noted that for mTIM this region contains a very high concentration of the acidic residues Asp and Glu, a feature of some transcriptional activators (14) . The lack of a similar domain within vTIM would seem to diminish the likelihood of such a role for the sequence in mTIM. There are no significant portions of vTIM that are absent in mTIM. Thus it should be instructive to determine whether such a truncated D.virilis TIM protein can provide full function as a component of the D.melanogaster clock.
NOTE
The genomic DNA sequences for both vtim and mtim have been deposited in GenBank (complete except for the large 3′ intron in each gene). We have constructed the predicted, full-length mtim cDNA and will provide the clone upon request.
